The dinuclear ruthenium complex [ 
Hydrogenase enzymes are the most efficient biological catalysts for the mutual interconversion of hydrogen to protons and electrons, H 2 $ H + + H À . [1] [2] [3] [4] A detailed understanding of the mechanisms of these reactions is necessary for the development of efficient articial catalytic systems for the use of H 2 as a renewable energy source. 5 Currently, there are three classes of hydrogenases known which either contain a bimetallic core, [Fe,Fe] or [Fe,Ni] , or a single Fe center as active sites. 3, 4 Intensive spectroscopic investigations, including the determination of the structures of several hydrogenases by single-crystal X-ray diffraction methods, [6] [7] [8] allowed extraction of the essential features needed for activity: (i) redox active metal centers; (ii) an electron reservoir; (iii) a cooperating ligand [9] [10] [11] participating reversibly in the heterolytic cleavage/formation of H 2 ; and (iv) a free coordination site for substrate binding (see a simplied sketch of the active [Fe,Fe] core at the top of Fig. 1 ).
All hydrogenases contain CO and some CN as archetypical sdonor/p-acceptor ligands that keep iron in a low spin state and link these enzymes to classical organometallic chemistry. Consequently, the synthesis of hydrogenase model complexes is an intensively investigated topic of organometallic chemistry and some recent relevant examples A-G are shown in Fig. 1 . Complexes A and B employ redox non-innocent ligands like bipyridine 12 or phosphole 13 in order to mimic Fe 4 S 4 ferredoxines as ubiquitous electron reservoirs in enzymes. 14, 15 Both complexes, A and B, are active electrocatalysts for the production of H 2 from acidic media. To date, the closest model to natural [Fe,Fe] hydrogenases is complex C, which can catalyze the oxidation of H 2 to H + in the presence of an oxidant and a base. 16 The discovery that basic sites in a chelating diphosphane ligand greatly enhance the efficiency of heterolytic H 2 splitting and the electrochemical oxidation of H 2 17, 18 has led to the development of iron or nickel complexes like D as functional hydrogenase models which achieve truly impressive turnover frequencies (TOFs) of up to 100 000 s À1 for the electrocatalytic production of H 2 .
19-23 When tethered to conducting support materials, derivatives of D allow fabrication of membrane-electrode assemblies at which H 2 is produced at a very low overpotential. 18 The structural and functional model E for [Ni,Fe] hydrogenase was reported, which likewise generates H 2 from mildly acidic solutions with high rates. 24 The mononuclear iron model complex F in combination with an apoenzyme was used to prepare an [Fe] hydrogenase model. 25 Remarkably, this semiarticial enzyme, like its natural counterpart, is able to reversibly hydrogenate methylene tetrahydromethanopterin. Due to the enhanced stability of Ru hydrides, the replacement of Fe with Ru in articial enzymes has also been investigated.
26-29
Several dinuclear ruthenium complexes were proposed as hydrogenase mimics.
30-32 For example, Rauchfuss et al. achieved the photochemical addition of H 2 across the Ru-Ru bond in complex G and moreover could demonstrate that the terminal hydride ligand in the resulting diruthenium dihydride complex is more easily protonated than the bridging hydride. (Fig. 1) . 33, 34 In these complexes, the trop 2 dad ligand combines the well-established chemical and redox non-innocence of diazadienes (dads) and related ligands [35] [36] [37] with the s-donor/pacceptor properties of olens. 40 The NOESY spectrum allows us to propose the structure of 3(m-H)H as shown in [3] were obtained from a THF/DME/hexane mixture in the presence of 18-crown-6. Crystals of 3(m-H)H were grown by slow evaporation of a saturated benzene solution. All structures were investigated by X-ray diffraction methods and plots are shown in Fig. 3 Consequently, the oxidation states at the Ru centers vary between 0 and +1. These data illustrate the redox non-innocent behavior of the Me 2 dad ligand in these complexes. 36, 46 The bridging coordination modes of 2e À reduced dad and the closely related pyridine-diimine ligands have been reported before.
47,48
The ability to split H 2 into protons and electrons like that of hydrogenases was investigated using the "Rauchfuss test". 16 In the presence of ten equivalents of PPh 3 51 At room temperature, the hydrogenation of VK 2 is more selectively achieved (ESI Table 3 , entry 4 †). In addition, the C]C double bonds of VK 2 remain intact and the hydrogenation occurs selectively at the quinone moiety of the substrate. These catalytic reactions can be reversed. 
(m-H)] (top), [K] 2 [3] (bottom left) and 3(m-H)H (bottom right).
[K] represents a K + cation either coordinated to 18-crown-6 or THF molecules. Thermal ellipsoids are drawn at the 50% probability level. Non-relevant hydrogen atoms, solvent molecules, crown ethers, and potassium cations, which are not part of the anionic Ru 2 complex [3(m-H)(OTf)] is catalytically active in both reactions (a) and (b) shown in Fig. 4 (Fig. 5b and ESI, Fig. 10 †) .
However, the formation of A slightly different reaction path was observed for the reaction of 3(m-H)H with quinones. The reaction between 3(m-H)H and VK 3 , in the absence of H 2 , formed a thick suspension, which prevents further characterization by NMR spectroscopy. However, upon addition of a large excess of NaOTf, a signal attributed to complex [3(m-H)(OTf)] was detected by 1 H NMR spectroscopy. No reaction between NaOTf and 3(m-H)H was observed in the absence of VK 3 . These data suggest that the terminal hydride of 3(m-H)H was transferred to VK 3 , which then formed a protonated semiquinone oxygen bound species [3(m-H) (VK 3 H)] (see the proposed structure based on DFT calculations in Fig. 8 ), and that VK 3 H À is labile enough to be partially displaced by OTf À . When followed by EPR spectroscopy at room temperature, the reaction between 3(m-H)H and VK 3 led to the formation of one organic radical species, which is detected by EPR spectroscopy at room temperature when 3(m-H)H is reacted with . This complex is subsequently hydrogenated by H 2 to give the product VK n H 2 and 3(m-H)H, which is the resting state in this cycle as observed during a single turnover experiment (ESI, Fig. 13 †) . In this mechanism, the observation of 3(m-H)H as the only species present aer a single turnover experiment is consistent with a less acidic product VK n H 2 compared to [Ph 3 2 , which are natural substrates for the enzyme hydrogen:quinone oxidoreductase. Spectroscopic data strongly suggest that like in hydrogenases, multiple coupled electron and proton transfer steps might be involved in these reactions. Clearly, the observed activities and efficiencies must be signicantly improved. But this investigation demonstrates that redox and chemically noninnocent ligands may be key components and their variation may allow further improvements and uncovering of new bearings in synthesizing small molecular hydrogenase mimics.
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